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$B_{y}(x)\hat{y}+B_{z}(x)\hat{z}$ . $k=k_{y}\hat{y}$ ,
$\tilde{v}=\nabla[\phi(x, t)e^{ik_{y}y}]\cross\hat{z}+\tilde{v}_{z}(x, t)e^{ik_{y}y}\hat{z},\tilde{B}=\nabla[\psi(x, t)e^{ik_{y}y}]\cross\hat{z}+\tilde{B}_{z}(x, t)e^{ik_{y}y_{\hat{Z}}}$
, Alfven :
$\frac{\partial}{\partial t}\triangle\phi=\frac{ik_{y}}{\rho}[B_{y}\triangle\psi-B_{y}’’\psi]$ , (1)
$\frac{\partial}{\partial t}\psi=ik_{y}B_{y}\phi$ . (2)
, $\triangle:=\partial^{2}/\partial x^{2}-k_{y}^{2}$ . $e^{-i_{(\rho}t}$ ,
,
$\frac{d}{dx}[D(\omega, k_{y};x)\frac{d\phi}{dx}]-k_{y}^{2}D(\omega, k_{y};x)\phi=0$ (3)
. , $D(\omega, k_{y};x):=\omega^{2}-\omega_{A}^{2},$ $\omega_{A}^{2}:=(k\cdot B)^{2}/\rho$ . $\rho$
. $x$ , $x$ $d/dx$ $ik_{x}$
, $D=0$ $\omega^{2}=\omega_{A}^{2}$ . $x$ , $\omega \mathfrak{n}$
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$x$ . , $D=0$ $\omega^{2}$ , $\omega_{A}^{2}$
. $x=x_{s}$ $D=0$ . $D=0$ , (3)
, . , $\omega_{A}$ $x=x_{s}$
$\omega_{A}\simeq\omega_{A}(x_{s})+\omega_{A}’(x_{s})(x-x_{s})$ , $\omega^{2}=\omega_{A}(x_{s})^{2}$ ,
, Frobenius :
$\phi=c_{1}\phi_{1}(x)+c_{2}[\phi_{1}(x)\ln|x-x_{s}|+\phi_{2}(x)]$ . (4)
$\phi_{1},$ $\phi_{2}$ $x=x_{s}$ , $\phi_{1}(x_{s})\neq 0$ . $x_{s}$
$D=0$ $\omega^{2}$ . ,
, .
$k\cdot B=0$ , $\omega^{2}=0$ .
, $\omega^{2}<0$
. (Rayleigh-Taylor) . ,
.












, $G$rad-Shafranov [4-7] 2 2
. ,
. 2 , . 3 ,








$\xi$ , $v_{1}$ $v_{1}=:\partial\xi/\partial t$ , MHD
[1, 8],
$\rho\frac{\partial^{2}\xi}{\partial t^{2}}=\mathcal{F}_{b^{\neg}}\xi$ , (5)
$\mathcal{F}_{s}\xi:=[(\nabla\cross B_{1})\cross B+(\nabla\cross B)\cross B_{1}]+\nabla(\gamma p\nabla\cdot\xi+\xi\cdot\nabla p)$ (6)
1 . , $B_{1}:=\nabla\cross(\xi\cross B)$
, $\rho,$ $B,$ $p$ , , , $\gamma$
. (5), (6) , $L$ , $B_{0}$ , $\rho_{0}$ , $p_{0}:=B_{0}^{2}/\mu_{0}$ ,
$v_{A}=:B_{0}’\sqrt{\mu_{0}\rho_{0}}$, $\tau_{A}:=L/v_{A}$ . $\mu_{0}$ .
$\mathcal{F}_{s}$ 2 ,
[1, 8]. ,
. , ( )
. , (5) ,
$-\mu v^{2}\xi=\mathcal{F}_{s}\xi$ (7)
$\omega^{2}<0$ , .
, (7) [9]. ,
, $k\cdot B=0$ ( ) $\omega^{2}=0$
, [10] , MHD
[11, 12].
, MHD ,
Lagrange $\xi$ 1 [13] :
$\rho\frac{\partial^{2}\xi}{\partial t^{2}}+2\rho v\cdot\nabla\frac{\partial\xi}{\partial t}=\mathcal{F}_{f}\xi$ , (8)
$\mathcal{F}_{f}\xi:=\mathcal{F}_{s}\xi+\nabla\cdot(\rho\xi v\cdot\nabla v-\rho vv\cdot\nabla\xi)$ . (9)
$v_{1}:=\partial\xi/\partial t+v$ . $\nabla\xi-\xi\cdot\nabla v$ ,









$\frac{\partial u}{\partial t}+v\cdot\nabla u=\mathcal{A}u$ (10)
. , $u$ , $v$ , $\mathcal{A}$




$u= \int$ $dk$ $\hat{u}_{k}(t)\tilde{\varphi}(t;k, x)$ (13)
, $\hat{u}_{k}(t)$
$\frac{d}{dt}\hat{u}_{k}(t)=\lambda_{k}(t)\hat{u}_{k}(t)$ (14)
. , $\partial’\partial t+v\cdot\nabla$ ,
$\mathcal{A}$ .
” ” , .






Shafranov [4-7] 2 2 .
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$\xi$ (5) $\mathcal{F}_{s}$ ,
. , $\xi$ $\xi(x, t)=\xi(x)e^{-i\omega t}$ , (7)
. , $\xi(x)$ , Fourier .
, $\xi(x)=\xi(r, \theta)e^{in(\zeta-q(r)\theta)}$
. , $(r, \theta, \zeta)$ ,
( ), , , $q(r)$
, $n$ $n\gg 1$ .
, [1].
, $e^{in(\zeta-q(r)\theta)}$ , $\xi(r, \theta)$
, $n\gg 1$ ,
. , . $q(r)$
, $\xi(x)$ $\theta$ , $\xi(r, \theta)$
,
, . ,
. , $\infty<\theta<\infty$ , $\Xi(r, \theta)$
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, $\xi(r, \theta)$
$\xi(r, \theta)=\sum_{m=-\infty}^{\infty}e^{-im\theta}\int_{-\infty}^{\infty}d\theta e^{irn\theta}\Xi(r, \theta)$
$=2 \pi\sum_{j=-\infty}^{\infty}\Xi(r, \theta-2\pi j)$ (15)
. 2 Poisson .
, $\lim_{\text{ }arrow\pm\infty}\Xi=0$ , . ,
MHD (7) $\mathcal{F}_{s}\Xi(r, \theta, \zeta)=-\mu v^{2}\Xi(r, \theta, \zeta)$ .
$\theta$ $\theta$ . , $\Xi(r, \theta)$ $\theta$
, ,
. $S$
$\Xi(r, \theta, \zeta)=\hat{\xi}(r, \theta)e^{inS(r,\theta,\zeta)}$ (16)
,





$=\nabla\zeta-q\nabla\theta-(\theta-\theta_{k})\nabla q$ , (19)
$\theta_{k};=\frac{dS_{0}(q(r))}{dq}$ (20)
. $\theta_{k}$ , . $\hat{\xi}=\hat{\xi}_{1}B\cross$
$\hat{k},B^{2}+\hat{\xi}_{||}B+\hat{\xi}_{k}\hat{k},|\hat{k}|^{2}$ ,
$\hat{\xi}_{1}=\hat{\xi}_{\perp}^{(0)}+\frac{1}{n}\hat{\xi}_{\perp}^{(1)}+\frac{1}{n^{2}}\hat{\xi}_{\perp}^{(2)}+\cdots$ (21)
( $\hat{\xi}_{||}$ $\hat{\xi}_{k}$ ) , ” ” :
$- \rho\omega^{2}|\hat{k}|^{2}\hat{\xi}_{\perp}^{(0)}=B^{2}B\cdot\nabla(\frac{|\hat{k}|^{2}}{B^{2}}B\cdot\nabla\hat{\xi}_{\perp}^{(0)})+\frac{2}{B^{2}}(B\cross\hat{k}\cdot\kappa)(B\cross\hat{k}\cdot\nabla p)\hat{\xi}_{\perp}^{(0)}$
$+ \frac{2\gamma p}{B^{2}+\gamma p}(B\cross\hat{k}\cdot\kappa)[B^{2}B\cdot\nabla\hat{\xi}_{||}^{(0)}-2(B\cross\hat{k}\cdot\kappa)\hat{\xi}_{\perp}^{(0)}]$ , (22)
$- \mu^{2}B^{2}\hat{\xi}_{||}^{(0)}=B\cdot\nabla[\frac{\gamma p}{B^{2}+\gamma p}\{B^{2}B\cdot\nabla\hat{\xi}_{||}^{(0)}-2(B\cross\hat{k}\cdot\kappa)\hat{\xi}_{\perp}^{(0)}\}]$ . (23)
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$B\cdot\nabla$ ( $\theta$ ) , 1
. , ,
, 2
, . , 2
1 , ,
.
, (22), (23) $\omega^{2}$ ,
$\hat{\xi}_{\perp}^{(0)}$
$\hat{\xi}_{||}^{(0)}$ , 2 . ,
$\theta_{k}$ ,
$n \oint dq\theta_{k}(q;\omega^{2})=2\pi(N+\frac{1}{2})$ (24)
( $N$ ) . $q-\theta_{k}$ $\omega^{2}=$ const.
. 2 $\hat{\xi}(r, \theta)$
, $\omega^{2}$ , $\theta_{k}$
’
1 ” $\omega^{2}$ ( $\omega^{2}<0$ .
) , $\omega^{2}$ $1/n$
[18, 20]. , $\theta_{k}$ (22), (23)
, ,
.




. , , $\omega^{2}=0$ ,
. ,
.
, . , 1980
[21-25]. $\propto e^{-i\omega t}$
. $\Xi(r, \theta, \zeta, t)$
$\Xi(r, \theta, \zeta, t)=\hat{\xi}(r, \theta, t)\exp[inS(r, \theta, \zeta, t)]$ (26)
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, $S$
$B\cdot\nabla S=0$ , (27)
$\frac{dS}{dt}=0$ (28)





. $\Omega(r)$ , $\dot{\Omega}:=d\Omega/dq$ .
, $r$ $\Omega$ ,
. , 3 , ”
” . , , $\hat{\xi}_{\perp}^{(0)}$
, [26] :
$\rho|\hat{k}|^{2}\frac{\partial^{2}\hat{\xi}_{\perp}^{(0)}}{\partial t^{2}}-2\rho(\hat{k}\cdot\nabla\Omega)\frac{\partial\hat{\xi}_{\perp}^{(0)}}{\partial t}=B^{2}B\cdot\nabla(\frac{|\hat{k}|^{2}}{B^{2}}B\cdot\nabla\xi_{\perp}^{(0)})+\frac{2}{B^{2}}(B\cross\hat{k}\cdot\kappa)(B\cross\hat{k}\cdot\nabla p)\hat{\xi}_{\perp}^{(0)}$.
(30)





(30) , 3 , ,
.
$\overline{\rho}:=\frac{\rho|\hat{k}|^{2}\sqrt{g}}{B^{2}\psi}$ , (31)
$U:=2 \rho\frac{\hat{k}\cdot\nabla\Omega}{|\hat{k}|^{2}}$ , (32)
$\mathcal{L}\hat{\xi}_{\perp}^{(0)}:=\frac{\partial}{\partial\theta}(f\frac{\partial\hat{\xi}_{\perp}^{(0)}}{\partial\theta})-g\hat{\xi}_{\perp}^{(0)}$, (33)
$f:= \frac{|\hat{k}|^{2}\psi’}{B^{2}\sqrt{g}}$ , (34)
$g:=- \frac{2}{B^{4}}(B\cross\hat{k}\cdot\kappa)(B\cross\hat{k}\cdot\nabla p)$ (35)
202
, (30) :
$\overline{\rho}(\frac{\partial^{2}\hat{\xi}_{\perp}^{(0)}}{\partial t^{2}}-U\frac{\partial\hat{\xi}_{\perp}^{(0)}}{\partial t})=\mathcal{L}\hat{\xi}_{\perp}^{(0)}$. (36)
, $\psi$ $lhr$ , $(r, \theta, \zeta)$





$\dot{\Omega}\tau_{A}$ $0$ ,0.118, 0.473 . ,
,





















[28, 29]. , (36) $\mathcal{L}$ , $t$




, $\omega^{2}$ , . ,
”
” , (36) $\hat{\xi}_{\perp}^{(0)}(\theta, t)$ , Kelvin
’ ”
. , ,
. , (37) , $\omega^{2}\geq 0$ ,
.
.
, : (37) ,
$h(\theta)$
$-w(\theta;t)\lambda(t)\xi(\theta;t)=\mathcal{L}(\theta, d/d\theta;t)\xi(\theta;t)$ , (38)
$w(\theta;t):=\overline{\rho}(\theta;t)h(\theta)$ (39)
, $h(\theta)$ $\lambda$ $\lambda>0$ . $\thetaarrow\pm\infty$
, $|\theta|\gg 1$ $h\propto|\theta|^{-4}$ . $|\theta|\sim 1$ ,
$h=1$ . $h$ ,
$\bullet$ (38) $\lambda=0$ , (37) $\omega^{2}$
$\bullet$ $|\theta|\sim 1$ , (37) ,
, $h$
. (38) $t$ , , $\lambda_{j}(t),$ $\xi_{j}(\theta, t)$ (
$\lambda_{0}<\lambda_{1}<\lambda_{2}<\cdots)$ , , $\lambda_{j}$ 2(a) . $\lambda>0$ ,
. ,
. , $t$ $2\pi\dot{\Omega}$
, $\theta$ $2\pi$ , . , 2(a)
2(b) . , , \copyright ,




$a_{j}= \int_{-\infty}^{\infty}d\theta w\xi_{j}^{*}\hat{\xi}_{\perp}^{(0)}$ (41)
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(a) $\lambda$ $t$ . $0\leq\lambda\leq$
0.002 .
(b) (a) . $0\leq\lambda\leq 0.001$
.
2: (38) $t$ $\lambda_{j}$ .
” ” , $|a_{j}|^{2}$ 3(a)
. 3(b) , , $\lambda_{1}$
$|a_{1}|^{2}$ $|a_{2}|^{2}$ , $|a_{2}|^{2}$ $|a_{3}|^{2}$ , $|a_{3}|^{2}$ $|a_{4}|^{2}$ ,
















(a) ’ ’ . (b) (a) .
3: (36) $\hat{\xi}_{\perp}^{(0)}$ (40),(41)
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